Regenerative Therapy 25 (2024) 162—173

JSRM

journal homepage: http://www.elsevier.com/locate/reth

Regenerative

Contents lists available at ScienceDirect Therapy=s

Regenerative Therapy

Original Article

Bi-functional KIT-PR1P peptides combine with VEGF to protect 0 )
ischemic kidney in rats by targeting to Kim-1 T

Runxue Zhou *', Hang Liu ™, Xianglin Hou ©’, Qi Liu ®¢, Shuwei Sun ¢, Xiaoge Li ©,
Wenxuan Cao %, Weihong Nie ?, Chunying Shi * ", Wei Chen * ™

2 Department of Human Anatomy, Histology and Embryology, School of Basic Medicine, Qingdao University, Qingdao, 266071, China
b Department of Nephropathy, The Affiliated Hospital of Qingdao University, Qingdao, 266700, China
¢ State Key Laboratory of Molecular Developmental Biology, Institute of Genetics Cand Developmental Biology, Chinese Academy of Sciences, Beijing, 100190,

China

4 Department of Neurology, The Affiliated Hospital of Qingdao University, 16 Jiangsu Road, Qingdao, Shandong, 266000, China
€ Department of Biochemistry and Molecular Biology, School of Basic Medicine, Qingdao University, Qingdao, 266071, China
f Department of Urology, Xingiao Hospital, Army Medical University, Chongqing, 400038, China

ARTICLE INFO

Article history:

Received 21 October 2023
Received in revised form

13 December 2023
Accepted 21 December 2023

Keywords:

Vascular endothelial growth factor
Acute kidney injury

Targeted delivery

Kidney injury molecular-1

Tissue regeneration

ABSTRACT

Introduction: Acute kidney injury (AKI) was a disease with a high mortality mainly caused by renal
ischemia/reperfusion injury (I/R). Although the current non-targeted administration of vascular endo-
thelial growth factor (VEGF) for AKI had been revealed to facilitate the recovery of renal I/R, how to
targeted deliver VEGF and to retain it efficiently in the ischemic kidney was critical for its clinical
application.
Methods: In present study, bi-functional KIT-PR1P peptides were constructed which bond VEGF through
PR1P domain, and targeted ischemic kidney through KIT domain to interact with biomarker of AKI-
kidney injury molecule-1 (Kim-1). Then the targeted and therapeutic effects of KIT-PR1P/VEGF in AKI
was explored in vitro and in vivo.
Results: The results showed KIT-PR1P exhibited better angiogenic capacity and targeting ability to
hypoxia HK-2 cells with up-regulated Kim-1 in vitro. When KIT-PR1P/VEGF was used for the treatment of
renal I/R through intravenous administration in vivo, KIT-PR1P could guide VEGF and retain its effective
concentration in ischemic kidney. In addition, KIT-PR1P/VEGF promoted angiogenesis, alleviated renal
tubular injury and fibrosis, and finally promoted functional recovery of renal I/R.
Conclusion: These results indicated that the bi-functional KIT-PR1P peptides combined with VEGF would
be a promising strategy for the treatment of AKI by targeting to Kim-1.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

but also impacted the morphology and function of renal tubule,
eventually led to renal interstitial fibrosis. Therefore, increasing

Acute renal injury (AKI) was a common renal disease. It was
usually characterized by rapid loss of renal function and decreased
glomerular filtration rate, which might develop into chronic kidney
disease (CKD) and end-stage renal disease (ESRD) [1]. Renal
ischemia reperfusion (I/R) as the main factor of AKI, caused the
death of renal tubular epithelial cells and vascular endothelial cells,

* Corresponding author.
** Corresponding author.
E-mail addresses: schy1116@163.com (C. Shi), doctorcw@126.com (W. Chen).
Peer review under responsibility of the Japanese Society for Regenerative
Medicine.
! means co-first author.

https://doi.org/10.1016/j.reth.2023.12.014

renal blood flow and protecting the renal cells from damage would
attenuate I/R renal injury [2,3].

Vascular endothelial growth factor (VEGF) was a highly specific
vascular growth factor. After ischemic injury of kidney, VEGF could
induce angiogenesis by promoting endothelial cells proliferation
and also protect renal cells from I/R injury. Thus, it was reported to
improve the renal function and inhibit tissue fibrosis of further
development of AKI [4]. At present, the administration of VEGF after
AKI often utilized intraperitoneal, intravenous or subcutaneous
intrarenal injection. These routes were non-targeted and rapid
diffusion might cause undesirable side effects. As a result, it was
urgent to explore a safe and efficient delivery strategy of VEGF for
the treatment of AKL
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When tissues or organs were injured, series of specific mole-
cules upregulated in the tissue microenvironment, which were
potential targets for the spatiotemporal delivery of growth factors
[5,6]. As one of the important signs of early acute renal injury,
kidney injury molecule-1 (Kim-1, also known as hepatitis A virus
cell receptor-1 or T cell Ig mucin-1) significantly increased by
3—100 times after acute renal ischemia or renal tissue injury, but
decreased rapidly in the stage of renal fibrosis and remodelling
[7,8]. Recent studies had proved that Kim-1 was a reliable
biomarker of acute renal injury, but also an important target for the
treatment of renal tubular injury [9,10]. In 2019, Enamul Haque
et al. screened a specific short peptide KIT through phage display
[11]. This short peptide could specifically bind with the cells
expressing Kim-1, which had potential guiding ability of VEGF for
acute renal injury. In our previous study, we had designed and
prepared targeting peptide modified recombinant VEGF proteins
such as collagen binding CBD-VEGF, ischemic myocardium target-
ing IMT-VEGF. However, the purification of modified VEGF was
difficult, because refolding of genetic engineering VEGF protein
from inclusion bodies was needed. Thus, how to connect KIT pep-
tide with VEGF conveniently would be beneficial for the targeting
repair of VEGF in AKI.

Currently, a specific peptide PR1P deriving from the interacting
protein of VEGF-Prominin-115, was reported to specifically bind to
VEGF [12]. Unlike physical encapsulation, electrostatic interaction
or covalent coupling, PR1P peptide bond to VEGF with high speci-
ficity in natural state and enhanced VEGF dimer formation to
improve its biological activity [ 13]. In this paper, a bi-functional KIT-
PR1P was constructed that could combine and guide VEGF to
ischemic kidney by targeting to Kim-1. We explored the targeted
and therapeutic effect of KIT-PR1P/VEGF in acute renal ischemia
injury in vitro and in vivo.

2. Materials and methods

2.1. Synthesis of KIT-PR1P and PR1P peptides and preparation of
VEGF

The PR1P peptides (DRVQRQTTTVVA) and KIT-PR1P peptides
(DRVQRQTTTVVAGSAGSAAGSGGCNWMINKEC) were synthesized
by the Sagon Inc. (Shanghai, China) with the purity greater than or
equal to 98 %. And the FITC-modified PR1P or KIT-PR1P peptides
were also chemically synthesized and modified by the Sagon Inc.
(Shanghai, China) with the purity greater than or equal to 98 %.
Recombinant VEGF was prepared by Ni-column as described pre-
viously [14]. For the construction of the KIT-PR1P/VEGF delivery
system, the KIT-PR1P was mixed with VEGF at 4 °C at 2:1 molecular
weight for 3 h.

2.2. Determination of targeted binding ability of KIT-PR1P on
hypoxia HK-2 cells and biological activity assay

The 96-well plates and assembled matrix gel (Corning, 356234)
were pre-cooled overnight. 50 ul/well of matrix gel was added to
the 96-well plates and placed in a cell incubator for 45—60 min
until cured. HUVECs (9 x 10 cells/well) were then inoculated onto
Matrigel layers and divided into 3 groups: control (DMEM, 2 % FBS),
VEGF (DMEM, 2 % FBS, 50 ng/ml VEGF), KIT-PR1P/VEGF (DMEM, 2 %
FBS, 50 ng/ml KIT-PR1P/VEGF). 3 wells per group, 5 non-
overlapping fields of view were selected for detection in each
well. Image ] software's tool-Angiogenesis Analyzer was used to
count tubular structures and network branches [15], and then
angiogenic network formation was quantified by GraphPad Prism 8.

Immunofluorescence co-staining experiments with Kim-1 and
VEGF in HK-2 cells were performed as follows: HK-2 cells were
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inoculated into 48-well plates at a density of 1.4 x 10%L as
described above until the cell density was 70%—80 %, the original
medium was discarded, and HK-2 complete medium containing 2 %
serum separately mixed with 50 ng/ml KIT-PR1P/VEGF, PR1P/VEGF
and an equal amount of PBS. cells were co-cultured under hypoxic
conditions (5%C0,, 95%N>) for 12 h and then reoxygenated for 3 h.
Subsequently, the cells were fixed using 4 % histiocyte fixative for
20 min, and the plate of wells in which the cells had been fixed was
washed with a bubble of PBS three times for 10 s each, and after
aspirating the liquid, the cells were permeabilised with 0.3 % Triton
(200ul per well). This process was carried out on a shaker (100 rpm,
20min), after the permeabilisation was completed, the plate was
continued to be washed 3 times with PBS for 5min each time. Af-
terwards, 3 % BSA solution was prepared in PBS, and 200ul of 3 %
BSA solution was added to each well to seal the cells in the plate for
30 min, after which the liquid was discarded, and 50ul of config-
ured VEGFA Monoclonal antibody (1:400, Mouse/IgG2b, Pro-
teintech, China) and Kim-1 antibody (1:400, Rabbit/IgG2b, Novus,
America)were added to each well to incubate overnight at 4 °C for
16 h. The primary antibody in the wells was discarded and washed
three times with PBS for 5 min each time, followed by 50ul of Goat
Anti-Rabbit IgG H&L (Alexa Fluor® 594, 1:400, Abcam) and Goat
Anti-Mouse IgG H&L (Alexa Fluor® 488, 1:400, Abcam) which were
incubated at room temperature and protected from light for 1 h.
The wells were washed three times with PBS for 5 min each time,
and DAPI Staining Solution (C1005, Beyotime, Shanghai, China) was
used to stain the nuclei of the cells, 100ul of DAPI Staining Solution
was added to each well, and the cells were incubated at room
temperature and protected from light for 5 min, DAPI Staining
Solution was aspirated, and washed with PBS 3 times, each time for
5 min 200ul of PBS was retained in each well. The distribution of
VEGF (green fluorescence) and Kim-1 (red fluorescence) in each
group (12wells/group) was observed by inverted fluorescence mi-
croscope, 3 non-overlapping fields of view for each well were
selected to detect the regional fluorescence intensity. The regional
fluorescence intensity data was analyzed as Integrated Density by
Image ] and GraphPad Prism 8, and the fluorescence overlap of
VEGF and Kim-1 was observed. The Fluorescence co-localization
analysis was made by Image ]'s Plot Profile tool Based on Pear-
son's co-location analysis.

2.3. Construction of renal I/R injury model in rats

All of the animal experiments were performed according to local
Guidelines on the ethical use of animals and the National Institutes
of Health‘Guide for the Care and Use of Laboratory Animals’ (NIH
publication23—80,revised2011), and all protocols were approved
by Animal Care and Use Committee of Qingdao University. Female
Sprague Dawley rats (200—240 g, 8—10 weeks old) were purchased
from Jinan Pengyue Experimental Animal Breeding Co. Ltd., and the
rats were housed in a specific pathogen-free facility with the
temperature of 25 °C and cycle with 40—60 % relative humidity in
12 h/12 h light/dark. The rats were anesthetized with 8 % Chloral
hydrate (50 mg/kg) by intraperitoneal injection. After the right
nephrectomy, the left renal artery was clamped for 45 min and
reperfusion for 1 h. A series of experiments were performed to test
the targeting ability and the protective effect of KIT-PR1P/VEGF or
native VEGF.

2.4. Quantitative ELISA analysis of KIT-PR1P/VEGF in vivo

After kidney ischemia injury and a 1 h reperfusion, KIT-PR1P/
VEGF (0.05 mg/kg), KIT-PR1P (0.05 mg/kg), PR1P/VEGF (0.05 mg/
kg), native VEGF (0.05 mg/kg) and Equivalent amount of PBS were
injected into the renal I/R rat through tail vein. At 6 and 24 h post-



R. Zhou, H. Liu, X. Hou et al.

administration, the ischemic kidney and serum were harvested.
And then, extracted proteins and serum were analyzed using a
human VEGF ELISA kit (Boster, Wuhan, China) according to the
protocol.

2.5. Fluorescent imaging of KIT-PR1P and PR1P in the ischemic
kidney in vivo

KIT-PR1P or PR1P were fluorescently labelled by FITC. After
hypoxia injury and 1 h reperfusion, the I/R rat model was injected
with 100 pl fluorescent-labelled KIT-PR1P or PR1P proteins through
the tail vein. At 6 and 24 h after administration, the animals were
sacrificed and kidneys were immediately harvested to prepare
frozen sections. Finally, the distribution of FITC-labelled peptides
was observed by fluorescence microscope. 3 non-overlapping fields
of view for each section were selected to detect the mean fluores-
cence intensity, 5 section in a group. The mean fluorescence in-
tensity of FITC (green fluorescence) was counted by Image ], the
statistics were analysed by GraphPad Prism 8.

2.6. Assessment of renal function in rats with renal I/R injury

The animals were randomly divided into four groups: normal
group (sham), I/R group including KIT-PR1P/VEGF group, native
VEGF group and PBS group (control). Rats were anesthetized with
8 % Chloral hydrate (50 mg/kg) by intraperitoneal injection. In the I/
R group, after the right nephrectomy, the left renal artery was
clamped for 45 min and reperfusion for 1 h, and then KIT-PR1P/
VEGF (0.05 mg/kg), native VEGF (0.05 mg/kg) or PBS were injec-
ted through caudal vein. A series of experiments were performed to
test the targeting ability and the protective effect of KIT-PR1P/VEGF
or native VEGFE. Rats’ serum was taken at 24, 72 h and 2w after
administration for assessment renal function. Renal function was
assessed based on serum creatinine (SCRA). Creatinine (Cr) Assay
Kit (Nanjing Jiancheng, China) was used for the assay of Scr.

2.7. HE&MASSON

The isolated kidney tissues were fixed with 4 % para-
formaldehyde solution for 12 h. The soaked samples were
embedded in paraffin and sliced into 4-um slices. Haematoxylin-
eosin staining (H&E) was performed to detect the damage of
renal tubules and glomerulus. A 5-point scoring system was
developed to determine tubular injury by assessing tubular
epithelial necrosis, tubular dilatation, loss of brush border and cast
formation, as shown below: 0-point: normal or none; 1-point:
damage of tubules <10 %; 2-point: damage of tubules 11-25 %; 3-
point: damage of tubules 26—45 %; 4-point: damage of tubules
46—75 %; 5-point: damage of tubules >76 %. For each H&E staining
sample, at last 10 contiguous areas of the cortical medulla junction
and the external medulla were examined in each section. Masson's
trichrome staining was performed to detect renal fibrosis. Five blue
areas of non-overlapping visual field were randomly selected from
each kidney section. The results were analysed using Image Pro-
Plus v. 6.0 software (Bethesda, MD, USA).

2.8. TUNEL

TUNEL (TdT Mediated dUTP Nick End Labelling) apoptosis
Detection Kit (Alexa Fluor 488) (Yeasen, Shanghai, China) was used
to detect nuclear DNA breaks during late apoptosis. In apoptotic
nucleus, TUNEL-positive nucleus (green) was labelled by fluores-
cein 488. 5 non-overlapping fields of view were selected for each
section to observe the number of positive cells, and the counts of
positive cells (green fluorescent labelled cells) and total cells (DAPI)
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in the corresponding field of view were analyzed by Image J, TUNEL
apoptotic cell rate = number of positive cells/total cells x 100 %, and
the data were analyzed by GraphPad Prism 8.

2.9. Immunofluorescence staining

At 6 h and 24 h after drug administration, the ischemic kidneys
were immediately fixed and paraffin sections were prepared.
Immunofluorescence staining was performed on paraffin sections
as the same as Immunohistochemical staining slices. The primary
antibodies included VEGFA Monoclonal antibody (1:400, Mouse/
IgG2b, Proteintech, China) and Kim-1 antibody (1:400, Rabbit/
IgG2b, Novus, America). Both primary antibodies were incubated
with slices overnight at 4 °C. The slices were exposed to Goat Anti-
Rabbit IgG H&L (Alexa Fluor® 594, 1:400, Abcam) and Goat Anti-
Mouse IgG H&L (Alexa Fluor® 488, 1:400, Abcam) at room tem-
perature for 1 h. After sealing by DAPI, the sections were observed
using fluorescence microscopes. For each paraffin section, 5 non-
overlapping fields of view were selected to detect the regional
fluorescence of green fluorescence and red fluorescence, and the
regional fluorescence intensity was analyzed by Image ] as Inte-
grated Density and GraphPad Prism 8, and the fluorescence overlap
of VEGF and Kim-1 was observed. The Fluorescence co-localization
analysis was made by Image |'s Plot Profile tool Based on Pearson's
co-location analysis.

At 24 h, 72 h and 2w after drug administration, the ischemic
kidneys were immediately fixed and paraffin sections were pre-
pared. Immunofluorescence staining was performed on paraffin
sections as the same as Immunohistochemical staining slices. The
primary antibodies included rabbit anti-CD31 (1: 200; Zen Biosci-
ence, Chengdu, China) and rabbit anti-p-VEGEFR (1: 500; Abclonal,
America). Both primary antibodies were respectively incubated
with slices overnight at 4 °C. The slices were exposed to Goat Anti-
Rabbit [gG H&L (Alexa Fluor® 488, 1:500; Abcam, America) at room
temperature for 1 h. After sealing by DAPI, the sections were
observed using fluorescence microscopes. For each paraffin section,
5 non-overlapping fields of view were selected to detect the mean
fluorescence intensity of green fluorescence, and the mean fluo-
rescence intensity data were analyzed by Image ] and GraphPad
Prism 8.

Immunofluorescence staining for cleaved Caspase-3: Primary
antibody was rabbit anti-cleaved Caspase-3 (1:400; Proteintech,
China). The primary antibody was incubated with the sections at
4 °C overnight. Sections were reacted with goat rabbit polyclonal
secondary antibody (Alexa Fluor® 594, 1:500; Abcam, USA) for 1 h
at room temperature. After sealing by DAPI, the sections were
observed using fluorescence microscopes. For each paraffin section,
5 non-overlapping fields of view were selected to detect the Inte-
grated Density of red fluorescence, and the Integrated Density data
were analyzed using Image ] and GraphPad Prism 8.

2.10. Western blotting

Proteins supernatant was extracted from kidney and analyzed
by Western blotting. Equal amounts of proteins were separated by
SDS-PAGE and transferred to PVDF membranes. The membrane was
then blocked with skimmed milk for 1 h, incubated with primary
antibody overnight at 4 °C. After cleaning with TBST, the mem-
branes were incubated with Goat Anti-rabbit HRP antibody
(1:5000; Bioss, Beijing, China) at room temperature for 1 h and the
signals were detected with the Omin-ECL ultra-sensitive chem-
iluminescence detection kit (EpiZyme, Shanghai, China), and their
intensities were measured with Image ] 6.0 software and analyzed
by GraphPad Prism 8. Primary antibodies used in this study
included anti-VEGF (1 : 1000 , ZEN-BIOSCIENCE, China), anti-p-
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VEGFR (1:1000, Abclonal), anti-AKT (1:1000; ZEN-BIOSCIENCE,
Chengdu, China), anti-p-AKT (1:1000; ZEN-BIOSCIENCE, Chengdu,
China), anti-ERK1/2 (1:1000; ZEN-BIOSCIENCE, Chengdu, China),
anti-p-ERK1/2 (1:1000; Boster, Wuhan, China; 1:1000,Abclonal)
and anti-GAPDH (1:1000; Proteintech), GAPDH served as an inter-
nal control.

2.11. Statistical analysis

All data was expressed as the mean + standard deviation (SD).
GraphPad Prism v. 8.00 was used to analyse the statistics and
comparisons between multiple groups were performed using one-
way ANOVA. Student's t-test was performed with SPSS. One-way
ANOVA was used for renal function, H&E, Masson, CD31, TUNEL,
cleaved Caspase-3, Vimentin and p-VEGFR. Student's t-test was
used for the bioactivity of KIT-PR1P/VEGF and native VEGF. The
level of P < 0.05 represented statistical significance. Data were
expressed as mean =+ SD.

3. Results
3.1. The bioactivity and targeting ability of KIT-PR1P in vitro

It had been shown PR1P could bind with VEGF and enhance the
bioactivity of VEGF. Then we firstly detected the bioactivity of KIT-
PR1P/VEGF by the in vitro tube-formation assay of HUVECs. As
shown in Fig. 1 (A-D), the number of tube-like structures in KIT-
PR1P/VEGF group was significantly higher than that in VEGF
group and control group. These results showed that KIT-PR1P/VEGF
had a stronger ability to promote angiogenesis in vitro. In addition,
it was reported Kim-1 upregulated significantly after hypoxia-
treated HK-2 cells in intro [16]. The binding ability of KIT-PR1P
and PR1P with hypoxic HK-2 cells was detected. Firstly, the KIT-
PR1P and PR1P were labelled with fluorescent-FITC. As shown in
Supplementary Fig. 1 (A-C), the mean fluorescence intensity of KIT-
PR1P-FITC was significantly higher than that of PR1P-FITC.
Furthermore, KIT-PR1P aimed to bind and guide VEGF to hypoxic
HK-2 cells with high expressed Kim-1, whether KIT-PR1P/VEGF
could target to Kim-1 on hypoxic HK-2 cells was assessed. And
the immunofluorescence colocalization staining of VEGF and Kim-1
was performed after KIT-PR1P/VEGF incubated with hypoxic HK-
2 cells. The results showed the fluorescence intensity of VEGF in
KIT-PR1P/VEGF group was significant upregulated compared with
other two groups, while the expression of Kim-1 was upregulated
in all the three groups without statistical difference (Fig. 1E and F).
And most of VEGF in KIT-PR1P/VEGF group was colocalized with
Kim-1 but there was less colocalization of VEGF and Kim-1
observed in VEGF group and PBS group with significant difference
(Fig. 1G—I). These results suggested that KIT-PR1P/VEGF had better
targeted ability to hypoxic HK-2 cells with high expression of Kim-
1.

3.2. KIT-PR1P/VEGF targeted and retained in the ischemic kidney
in vivo after intravenous injection

After confirming the binding ability of KIT-PR1P/VEGF on hyp-
oxia HK-2 in vitro, we explored the targeting ability of KIT-PR1P/
VEGF in vivo further. Firstly, KIT-PR1P-FITC and PR1P-FITC were
injected into rats through the tail vein. At 6 h and 24 h after in-
jection, the average fluorescence intensity of renal tissue was
observed under fluorescence microscope. The results showed the
average fluorescence intensity of KIT-PR1P-FITC group was signif-
icantly higher than that of PR1P-FITC group at both 6 h and 24 h
after injection (Supplementary Fig. 2A—D). Then whether KIT-PR1P
could guide VEGF to the ischemic kidney with high expressed Kim-
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1 was investigated, and the immunofluorescence colocalization
staining of VEGF and Kim-1 was performed in ischemic kidney at
6 h and 24 h after injection. The results showed at 6 h after injec-
tion, more VEGF accumulated in KIT-PR1P/VEGF group
(24.60 + 12.33, 42.82 + 25.27), which had significantly stronger
mean fluorescence intensity than PR1P/VEGF group (10.79 + 7.95,
713 + 6.16), VEGF group (4.47 + 1.91,8.94 + 5.11) and PBS group
(317 + 3.54, 3.61 + 3.33) (Fig. 2A, C). Moreover, better co-
localization of VEGF and injured marker-Kim-1 was observed
compared with the other three groups as shown in Fig. 2E. In
addition, similar results were observed at 24 h after injection
(Fig. 2B, D, F). These results demonstrated the KIT-PR1P/VEGF had
specific homing potential to the ischemic kidney targeting Kim-1
in vivo. Finally, the content of VEGF in ischemic kidneys was
quantified (Fig. 2G). The results showed that the VEGF content in
ischemic kidney was significantly higher in the KIT-PR1P/VEGF
group (0.616 + 0.077 pg/g) than that of PR1P/VEGF group
(0.406 + 0.033 png/g), VEGF group (0.449 + 0.027 ng/g), KIT-PR1P
group (0.429 + 0.057 pg/g) and PBS group (0.266 + 0.019 pg/g) at
6 h after injection, and there was also significant difference be-
tween PR1P/VEGF group, VEGF group, KIT-PR1P group and PBS
group. And at 24 h after injection, the content of VEGF in ischemic
kidney of KIT-PR1P/VEGF group (0.378 + 0.041 pg/g) was also sta-
tistically higher than that of PR1P/VEGF group (0.254 + 0.041 pg/g),
VEGF group (0.185 + 0.025 pg/g), KIT-PR1P group (0.278 + 0.031 pg/
g) and PBS group (0.162 + 0.060 pg/g). There was no difference
between PR1P/VEGF group, VEGF group and PBS group but KIT-
PR1P group had statistical difference with PBS group. Then the
content of VEGF in serum was also detected (Fig. 2H). Although the
KIT-PR1P/VEGF group had slightly lower levels of VEGF in serum
which had significant difference with PR1P/VEGF group but there
was no difference between KIT-PR1P/VEGF group and VEGF group,
KIT-PR1P group, PBS group at 6 h after injection; at 24 h after in-
jection, there was no statistical difference was observed among all
these group. In addition, the expression of VEGF in ischemic kidney
were further confirmed by Western blot which was consistent with
the result of Elisa assays (Fig. 2I). The above results indicated that
KIT-PR1P/VEGF could target to injured renal tubular cells with high
expressed Kim-1 that specifically retained VEGF in ischemic kidney
by intravenous injection.

3.3. KIT-PR1P/VEGF improved the recovery of renal function after
acute renal I/R injury

We verified whether KIT-PR1P/VEGF was effective in protecting
the kidney following I/R injury. Renal function was assessed by the
gold standard — serum creatinine (Scr) level (Fig. 3). The level of Scr
in the KIT-PR1P/VEGF group (134.76 + 60.08umol/L) was signifi-
cantly lower than that in the VEGF (192.62 + 75.01umol/L) and PBS
(350.03 + 106.33umol/L) groups at 24 h after intravenous injection
(P < 0.05). Over time, there was a certain degree of recovery in all
groups, but the level of Scr in the KIT-PR1P/VEGF group was still
significantly less than that in the other two groups (P < 0.05). These
results revealed that due to targeted delivery, KIT-PR1P/VEGF could
effectively improve the recovery of renal function compared to that
in the VEGF and PBS groups after acute I/R injury.

3.4. KIT-PR1P/VEGF effectively protected renal tissue from ischemic
injury and reduced morphological damage to the kidney

Pathological examinations were evaluated at 24 h, 72 h and 2w
after injection. Histopathological staining (H&E staining) was used
to assess renal morphological damage. As shown in Fig. 4 A-F, there
was no apparent renal damage in the normal group, whereas PBS-
injected rats showed severe renal damage, cast formation,
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Fig. 1. The bioactivity and targeting ability of KIT-PR1P. (A—D) The angiogenic ability of KIT-PR1P/VEGF and natural VEGF. N = 3. The Scale Bar = 200 pm **P < 0.01. (E) The targeting
ability of KIT-PR1P/VEGF and PR1P/VEGF in hypoxic HK-2 cells was verified by immunofluorescence of the renal tubular injury marker Kim-1 and VEGF co-staining assay. VEGF
(green), the renal tubular injury marker Kim-1 (red), DAPI (blue). Yellow staining indicates co-localization. The Scale Bar = 100 pm. (F) Fluorescence Integrated density of VEGF
(3534 + 18.22,17.48 + 11.65, 4.89 + 5.18) and Kim-1 (47.15 + 23.47, 30.54 + 15.99, 32.28 + 17.85) in the KIT-PR1P/VEGF group, PR1P/VEGF group and PBS group. ****P < 0.0001,
*#P < 0.01.All data are expressed as mean + SD. (G) Fluorescence co-localisation analysis of Kim-1and VEGF in the KIT-PR1P/VEGF group. (H) Fluorescence co-localisation analysis of
Kim-1 and VEGF in the PR1P/VEGF group. (I) Fluorescence co-localisation analysis of Kim-1 and VEGF in the PBS group.

abundant tubular epithelial necrosis and increased tubular dilata-
tion and congestion. In addition, the tubules exhibited massive
proteinuria, and the glomerulus was heavily congested, whereas
treatment with KIT-PR1P/VEGF and VEGF decreased tubule dam-
age, congestion and cast formation. Rats treated with KIT-PR1P/
VEGF had mild damage to renal tubules; most tubules had intact
shapes and reduced congestion among the three treatment groups.
The renal tubular injury scores also showed that treatment with
KIT-PR1P/VEGF (1.60 + 0.55, 2.20 + 0.45, 2.20 + 0.45) markedly
reduced the renal damage scores compared to VEGF (2.40 + 0.55,
2.60 + 0.55,3.17 + 0.41) and PBS (2.80 + 0.45, 3.20 + 045,
3.50 + 0.55) at 24 h, 72 h and 2w after intravenous injection. These
results demonstrated that KIT-PR1P/VEGF could effectively protect
the kidney against renal I/R injury.

In addition, it was reported that the progressive loss of kidney
function until the terminal stage was a typical characteristic of CKD.
The most significant manifestation was morphological changes,
including tubular fibrosis and glomerular sclerosis. Both conditions
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led to progressive destruction and irreversible damage to the kid-
neys [17,18]. Thus, Masson's trichrome staining was used to assess
renal fibrosis at 72 h and 2w after injection (Fig. 4] and K). No
apparent renal fibrosis was observed in the normal (7.29 + 4.21 %)
group. Treatment with KIT-PR1P/VEGF (1993 + 4.53 %,
20.92 + 9.06 %) significantly attenuated renal fibrosis (blue stain-
ing), and the fibrotic area was significantly less than that in the
VEGF-treated (2746 + 4.68 %, 37.06 + 5.81 %) and PBS-treated
(35.04 + 7.07 %, 40.68 + 8.82 %) groups. Therefore, KIT-PR1P/VEGF
played an important role in decreasing renal fibrosis after renal I/
R injury.

3.5. KIT-PR1P/VEGF repaired the kidney after renal I/R injury by

promoting angiogenesis

VEGF was the most potent angiogenic growth factor, so we
detected the angiogenesis in ischemic kidney [19—21]. CD31
immunofluorescence staining results showed significantly higher
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IR 6h

IIR 24h

levels of CD31 expression in sections from the KIT-PR1P/VEGF 3.6. KIT-PR1P/VEGF protected the kidney against renal I/R injury by
group than from the PBS, VEGF and normal groups at 24 h, 72 h inhibiting renal tubular epithelial cell apoptosis

and 2w after injections respectively (Fig. 5A—C). Quantitative

analysis of the mean fluorescence intensity level of CD31 in KIT- VEGF was reported to protect kidney cells against hypoxic injury
PR1P/VEGF group (117.729 =+ 12.884, 110124 =+ 16.672, after renal ischemia [4].TUNEL staining was used to determine the
111.536 + 17.462) was increased compared to that of VEGF number of apoptotic cells after renal I/R injury (Fig. 6A—F). The
(92.993 + 22.522, 86.152 + 13.585, 82.473 + 15.807) and PBS results showed that TUNEL-positive cells in the KIT-PR1P/VEGF
(78.679 + 11.872 , 65.256 + 6.957 , 74.677 + 20.207) (Fig. 5D—F). group (2.54 + 1.95 %, 2.42 + 1.34 %, 6.04 + 4.46 %) significantly
These data suggested that due to the targeted delivery of VEGF in decreased compared to those in the VEGF group (16.69 + 9.54 %,
ischemic kidney, KIT-PR1P/VEGF could promote the angiogenesis 18.52 + 4.90 %, 19.89 + 11.76 %) and PBS group (40.65 + 6.93 %,
and reconstruct the microcirculation which was lost during 29.57 + 8.07 %,41.37 + 19.4 %) at 24 h, 72 h and 2w after intravenous
ischemic reperfusion injury. injection. This finding revealed the potential protective effect of
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Fig. 3. The evaluation of renal function by serum Scr level after KIT-PR1P/VEGF intravenous injection. (A) Summary of Scr data for renal function after administration.
k%P < (0,0001, ***P < 0.001. **P < 0.01. (B—D) Histogram of Scr assay for renal function after I/R injury and at 24 h, 72 h and 2w post-administration. All data are expressed as

mean + SD. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. N = 6.

KIT-PR1P/VEGF against renal I/R injury. Caspase-3 was the most
important terminal cleavage enzyme associated with apoptosis and
was activated as cleaved Caspase-3 during the early stage of
apoptosis [22,23]. Then immunofluorescence staining of cleaved
Caspase-3 expression was performed at 24 h, 72 h and 2w post-
administration. As shown in Fig. 6h-M, the mean fluorescent in-
tensity of cleaved Caspase-3 in PBS group (731616 + 439533,

711531 + 385039 , 2038637 + 1385447) was significantly lower
than that of KIT-PR1P/VEGF group (135583 + 87900,

105720 + 40946 , 203379 + 55394) and VEGF group
(557117 + 186282 , 436163 + 183826 , 372152 + 253363) but there
was no statistical difference between KIT-PR1P/VEGF group and
VEGF group at 24 h, 72 h and 2w after injection. These results
revealed KIT-PR1P/VEGF could protect ischemic kidney and inhibit
apoptosis of renal cells through decreasing the expression of pro-
apoptotic proteins cleaved Caspase-3.

3.7. KIT-PR1P/VEGF protected the kidney from I/R injury by
activating VEGF and its downstream cascade response

It was reported that VFGF protected against renal I/R injury by
activating the AKT and ERK pathway [24,25]. Then the activation of
VEGF downstream pathway was detected at 24 h after intravenous
injection of KIT-PR1P/VEGF. As shown in Fig. 7 (A, B), immunoflu-
orescence staining revealed the activation of p-VEGFR could be
observed in KIT-PR1P/VEGF group (122.888 + 9.915,
114.492 + 15.819 , 115.377 + 18.364) compared with VEGF group
(97.440 + 15.470 , 91.612 + 16.328 , 90.170 + 12.223), PBS group
(87.878 + 13.766 , 56.170 + 6.738 , 61.819 + 14.095) and normal
group (67.499 + 4.071). And these results were further confirmed
by Western blot in Fig. 7 (C, D). Consistent with the expression of p-
VEGFR, the expression of p-AKT and p-ERK was also significantly
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increased in KIT-PR1P/VEGF group compared with KIT-PR1P, PR1P/
VEGF, VEGF and PBS group (Fig. 7C, E-H). Therefore, these results
demonstrated KIT-PR1P/VEGF could upregulate AKT and ERK
signaling pathways for the recovery of renal ischemia.

4. Discussion

In response to special biological signals in regenerative envi-
ronment, the construction of targeted growth factor delivery sys-
tems had become the focus in regenerative medicine and tissue
engineering [5,6,26,27]. These targeted delivery systems could
realize the spatiotemporal release in specific organs, increase the
regional concentration, decrease the undesirable side effect of
growth factor, and eventually promote tissue regeneration [28].

VEGF had been reported to benefit endothelial and epithelial
cell proliferation. After tissue ischemic injury, VEGF could have a
significant protective effect by promoting angiogenesis [29—31].
After renal ischemic injury, exogenous VEGF administration might
be a viable approach to protect the kidney and improve hemody-
namics [32]. In addition, VEGF was also involved in attenuating
kidney fibrosis. For example, a series of extracellular vesicles
derived from different stem cells was revealed to mediate renal
injury and to prevent renal fibrosis by inducing the release of VEGF
[4,33]. Other specific drugs such as sodium glucose cotransporter
(SGLT) 2 inhibitor-luseogliflozin was shown to attenuate renal
fibrosis also through VEGF dependent pathway after renal injury
[34]. Currently, common approaches of VEGF delivery after AKI
were non-targeted, and novel targeting delivery system of VEGF to
injured renal tissue would facilitate the recovery of AKI [35].

The discovery of targeted peptides provided novel strategies for
growth factor delivery. It had been reported that the specific pep-
tide PR1P could specifically bind VEGF, and also promoted
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Fig. 4. Morphology evaluation of ischemic kidney after KIT-PR1P/VEGF intravenous injection. (A—C) Histopathological staining (H&E) for kidney pathological injury observation.
Scale Bar = 20 um. Red arrow indicated renal tubular injury; green asterisk indicated glomerulus. (D—F) Quantitative analysis of renal tubule injury based on H&E staining. (G—H)
Masson staining of ischemic kidney after KIT-PR1P/VEGF intravenous injection. (I-K) Quantitative analysis of the area of renal interstitial fibrosis in obstructed kidneys. All data are

expressed as mean + SD. ****P < 0.0001, ***P < 0.001, **P < 0.01. N = 5.

angiogenesis by enhancing the formation of VEGF dimers [12,13]. In
previous studies, PR1P was used to modify nano glass by chemical
covalent coupling, which could immobilize VEGF and increase the
bioactivity of scaffolds [13]. It also could connect with other specific
peptide such as extracellular matrix (ECM) binding peptide (EBP
peptide), that will specifically immobilize VEGF in ECM scaffolds
[36]. The pro-angiogenic effect of VEGF, PR1P/VEGF, EBP-PR1P/
VEGF was systematically compared, and the result showed both
PR1P/VEGF and EBP-PR1P/VEGF could promote tube-formation
in vitro compared with VEGF group but there was no difference
between PR1P/VEGF and EBP-PR1P/VEGF group on pro-angiogenic
effect. For kidney injury, Kim-1 immediately up-regulated after
acute kidney injury, and specific peptide KIT was shown to guide
growth factor to ischemic kidney in our previous studies [2]. We
were interested whether bi-functional peptide KIT-PR1P could bind
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with VEGF and deliver VEGF to ischemic kidney. As a result,
modified KIT-PR1P/VEGF was constructed and the targeting and
therapeutic effect was explored in renal I/R model. Due to RP1P
peptide didn't have targeting capacity and could not guide VEGF to
ischemic kidney, so we didn't set PR1P/VEGF as control. As shown
in Figs. 1 and 2, KIT-PR1P had stronger targeting ability for renal
tubules than PR1P, and the ELISA assay also showed that due to the
guidance of KIT-PR1P, significant more VEGF retained in ischemic
kidney and less diffusion in blood than native VEGFE. These results
showed that KIT-PR1P/VEGF could specifically target ischemic
kidney and reserve more VEGF in renal tissue after I/R ischemia.
Then we evaluated the protective effect of KIT-PR1P/VEGF on
ischemic kidney. The renal function of KIT-PR1P/VEGF group was
significantly better than that of native VEGF group and PBS group at
24 h and 72 h after tail vein injection. Although the advantage of
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Fig. 5. Immunofluorescence staining of CD31 in ischemic kidney after KIT-PR1P/VEGF intravenous injection. Green fluorescence in this figure indicated areas stained positive for
CD31, and blue fluorescence indicated DAPI. (A—C) Immunofluorescence staining for endothelial marker CD31 after I/R injury. Scale Bar = 20 um. (D—F) Quantitative of Immu-
nofluorescence staining for CD31. All data was expressed as mean + SD.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. N = 5.

KIT-PR1P/VEGF group over natural VEGF group was not obvious
after 2w, the Scr level of KIT-PR1P/VEGF group was still greatly
lower than that of PBS group within 2w after injection (Fig. 3). The
results of pathological staining showed that compared with natural
VEGF group and PBS group, KIT-PR1P/VEGF group significantly
reduced renal tubular cell apoptosis, morphological damage and
collagen fibrosis area (Figs. 4—6). These results were also consistent
with the results of renal function assay, which showed that KIT-
PR1P/VEGF could target the kidney injury site after I/R, deliver
VEGF efficiently, and promote the functional recovery of ischemic
kidney tissue.

Although Kim-1 was rarely expressed in normal mammalian
kidneys, as a receptor that mediated apoptosis and oxidative lipid
phagocytosis, its high expression after acute renal injury would
directly promote renal inflammatory damage and fibrosis, which
might be related to the up-regulation of pro-inflammatory

170

cytokine monocyte chemoattractant protein-1 and the activa-
tion of rapamycin (mTOR) or MAPK pathway [7,37—39].
Apoptotic vesicles secreted by apoptotic renal tubular epithelial
cells triggered the binding of Kim-1 to P85 protein, which
stimulated the autophagic program and inhibited the activity of
NF-kb, a transcription factor responsible for the production of
pro-inflammatory cytokines [7,40]. Increased Kim-1 reduced
levels of the inner cell receptor Nur77 which was an inducer of
apoptosis and could prevent programmed cell death and enhance
its survival ability under stressful environments [41]. Kim-1 had
also been reported to promote the migration and proliferation of
dedifferentiated cells in regenerating renal epithelial cells [42].
Van Timmeren et al. reported Kim-1 colocalized with Vimentin in
proximal tubular cells and regulated them into dedifferentiated
phenotype [43]. In present study, whether KIT-PR1P interacted
with Kim-1 could participate the function of Kim-1 would be



R. Zhou, H. Liu, X. Hou et al. Regenerative Therapy 25 (2024) 162—173

A NORMAL KIT-PR1P/VEGF I/R24h VEGF I/R24h PBS I/R24h D IIR 24h

-
]
zZ
-]
ot

100 pm 100 pm 100 ym

Percentage TUNEL
positive cells(%)
4 © 3 3 8 8
On By,
i
% r
Co
&
RN F
%

&
IIR 72h
E —EE

o

NORMAL KIT-PR1P/VEGF I/R72h VEGF I/R72h PBS I/R72h

TUNEL
Percentage TUNEL
positive cells(%)
4 o 3 3 8 8
Ny,
B, €
: r
N
&,
RN F
N r

100 pm

N

NORMAL KIT-PR1P/VEGF I/R2w

VEGF I/R2w PBS I/R2w F IR 2w
[ T—
| -

TUNEL
Percentage TUNEL
positive cells(%)
4, o 3 8 8 8 8
% O,

100 pm

H NORMAL KIT-PR1P/VEGF I/R24h VEGF I/R24h PBS I/R24h K
5, 1500000:
2 :
al 3
12} & 1000000
@© °
Q
O 3 500000
o £
> E
© o
% - - - - o““,\' e@"‘ @"’( &
& «R@-S
&
NORMAL KIT-PR1P/VEGF I/R72h VEGF IIR72h PBS I/R72h L IIR 72h
500000 *hk

100 pm

[IT]

cleaved-Caspas —
Integrated Density
4«%‘:7 1
P, ¥
" |
.
5,

NORMAL KIT-PR1P/VEGF I/R2w

VEGF I/R2w

PBS I/R2w

@@
IIR 2w
oy

2 40000 —
2 sooom
I}
Q
E 2000000
g
© 1000000
2
=

]

cleaved-Caspas ‘—

» & o 2
SFEEE
& &£

g@

o,

Fig. 6. TUNEL staining and Immunofluorescence staining of cleaved-Caspase3 in ischemic kidney after KIT-PR1P/VEGF intravenous injection. (A—C) TUNEL staining for apoptosis
cells assessment (green). Scale Bar = 100 pm. (D—F) Quantitative of kidney TUNEL-positive cells. All data are expressed as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001,
*k4xP < 0.0001. N = 5. (H-J) Immunofluorescence staining of cleaved-Caspase3 in ischemic kidney after KIT-PR1P/VEGF intravenous injection. Red fluorescence indicated areas
stained positive for cleaved-Caspase3, and blue fluorescence indicated DAPI. Immunofluorescence staining for cleaved-Caspase3 after I/R injury. Scale Bar = 50 pum. (K—M)
Quantitative of Immunofluorescence staining for cleaved-Caspase3. All data was expressed as mean + SD.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. N = 5.

171



R. Zhou, H. Liu, X. Hou et al.

Regenerative Therapy 25 (2024) 162—173

A NORMAL KIT-PR1P/VEGF I/R24h VEGF I/R24h PBS I/R24h T ey
3 150- a2e
H
& § 2 100
®G
O $s
w EE s
> §
1 o
Q E o
& & 4@"« &
& 2
20 um &
—_—_KRAS
C KIT-PRIPVEGF KIT-PRIP PRIPVEGF VEGF PBS D E F G H 2%
1 ey it 2 Ju—TT 200 80 ——EEE
p-VEGFR- - £ it z 0 2 = % ——=
— T; 2 ? v .§' 150 g 60 —t
AKT- o —— S : A in|ll = 3 s
= g 2 ] 2 H
s ] 2 X 2 100 40
~ U 2 3 3 5
o | eaxT-l g £ g ¢
= | Erk- w— -— y ] % 2" g7
- . . e , = : & &
. o 0
-ERK- & & & &P & & & & oo $ & &
£ ot CLHEEL E \4'° LLEEE SlSSE LSS E
«ge &L @3 & Qq & \ \Qe é\? -SV‘ & & P‘R -8“ ~§
GAPDH- W SHES s SN S— ® &S & & & L
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of relative value for Western blot of p-VEGFR; (E) Statistical analysis of relative value for Western blot of AKT; (F) Statistical analysis of relative value for Western blot of p-AKT. (G)
Statistical analysis of relative value for Western blot of ERK. (H) Statistical analysis of relative value for Western blot of p-ERK. N = 5. ****p < 0 0.0001, ***p < 0 0.001, **p < 0 0.01,

*p < 0.05.

further detected. That might be one of the reasons that KIT-PR1P/
VEGF decreased cell apoptosis, dedifferentiation and fibrosis. In
addition, after KIT-PR1P/VEGF targeted binding to Kim-1, the
large amounts of VEGF were retained and sustained released,
then the downstream signalling pathway was detected. And KIT-
PR1P/VEGF could activate phosphorylated VEGFR and further
protect renal cells and reduce apoptosis after reperfusion injury
through activation of AKT and ERK in the downstream cascade
(Fig. 7). After ischemia-reperfusion injury, renal tubular epithelial
cells underwent dedifferentiation, proliferation, migration and
re-differentiation of the epithelial cell fraction after acute ne-
crosis [44,45]. The protein mesenchymal initiation factor-
Vimentin, a mesenchymal marker, was initially expressed only
in renal mesenchymal cells and was involved in renal embryonic
development [46]. In the setting of re-establishing blood oxygen
supply after acute ischemia, Vimentin started to upregulate in
dedifferentiated renal tubular epithelial cells and participated in
the process of post-stress repair of renal tubular epithelial cells
[47—50]. We found by immunohistochemical staining that KIT-
PR1P/VEGF significantly blocked the expression of Vimentin af-
ter I/R injury in rats, indicating the targeting release of VEGF
could prevent the mesenchymal transformation and protect
kidney in the early stage of renal injury (Supplementary Fig. 3).

We also explored the protective effect of KIT-PR1P/VEGF on
kidney cells after injury by TUNEL assay, with a significant
reduction in the number of positive apoptotic cells. And we
further validated that KIT-PR1P/VEGF inhibited apoptosis after
renal ischemia-reperfusion injury by detecting cleaved caspase-
3, a marker of apoptosis (Fig. 6). Zhang, B. et al. revealed that
apoptosis were key events of the occurrence and development of
I/R injury at the molecular level. Recent studies had shown that
mitochondrial dysfunction was also key factor leading to oxida-
tive stress and apoptosis in renal ischemia reperfusion (I/R)
disease. They found that hypoxia/reoxygenation led to increased
mitochondrial division and decreased mitochondrial fusion in
human renal tubular epithelial cells (HK-2) [51]. Whether KIT-
PR1P/VEGF would impact mitochondrial function and apoptosis
needed to further explore.
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5. Conclusion

To sum up, we had designed and constructed a safe and efficient
bi-functional KIT-PR1P peptide, which could recognize and target
the Kim-1 signal released from the early renal injury after I/R, then
deliver and retain active VEGF in vitro and in vivo. When it com-
bined with VEGF for the treatment of AKI by tail vein injection in rat
model, the KIT-PR1P/VEGF increased angiogenesis, decreased cell
apoptosis, tubular injury, and attenuated fibrosis and mesenchymal
transformation of epithelial cells, finally promoted the recovery of
renal function. Additionally, the AKT/ERK pathways involved in the
process of KIT-PR1P/VEGF for the repair of renal I/R. It provided a
potential strategy for the targeting delivery of VEGF in the therapy
of AKI.
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